Recently, the total capacity of wind generation connected to power system has increased significantly. In this situation, a large amount of disconnection of wind power generation may give a serious influence in the grid. It necessitated the revision of grid code requirements in many countries. This paper proposes a new control method for a fixed-speed induction generator using series variable impedance composed of power converter and energy storage device. We compared the stabilizing effect of the proposed control system to the case of STATCOM from the viewpoint of rotating speed and device capacity (cost). According to this study, the proposed method can stabilize the plant by smaller output compared to STATCOM.
INTRODUCTION
In recent years special attention has been paid to renewable energy and so called global environmental problem such as exhaustion of fossil fuel and green house effect. In particular, wind power generation is now under vigorous effort of development and installation owing to its comparatively cheap generation cost. In case of DFIG (Doubly Fed Induction Generator) and DC link type, voltage fluctuation due to the nature of wind can be controlled and significantly contributes to stabilization of grid. However, the type of the squirrel cage induction generator can give serious effects on power grid because its speed is fixed.
In case of a fault in a grid with wind generators, voltage level deteriorates, leading to output decrease from the generator. It might cause over speeding of its rotor or instability. In LVRT (Low Voltage Ride-Through) standard, wind generators are needed to remain in grid above the voltage level shown in Fig.  1 . This is explained in the works of Schlabbach (2008) and Arulampalam (2007) etc.. As the penetration of wind power generation goes on, similar situation may also appear in Japan.
In order to satisfy LVRT requirement, speed stabilization will be required for the generators. For example, Muyeen (2006a) proposes to utilize pitch control, whereas power electronic device such as SVC or STATCOM was proposed to use for this purpose by Ahmed (2004) and Muyeen (2006b) . Static damping resistor is also a candidate to overcome this instability as explained in Causebrook (2007) . This paper studies the stability enhancement by SSSC (Static Synchronous Series Compensator), a series connected power electronic device, applied to fixed speed squirrel cage induction generator. SSSC can continuously generate voltage of the phase 90 degree shifted from the current, which implies varying the series reactance. This paper assumes an energy storage device compound together, which means we can vary not only reactance component but also resistance component of the series impedance. Numerical simulation is done to verify its stabilizing effect to the rotor speed. Quicker operation can be expected compared to the case of mechanically switched damping resistor.
EFFECTS BY VARYING SERIES IMPEDANCE

Induction Machine Speeding
In case of the model system shown in Fig. 2 , the air gap power can be calculated as In case of voltage decrease, the air gap power goes down proportional to the square of system voltage, accelerating power appears proportional to ∆P=P wind -P gen . Enhancement of LVRT needs either reduction of mechanical input or increase of electrical output in case of voltage deterioration. In the proposed method varying series impedance can increase electrical output.
Effects of Series Variable Impedance
Using the parameters shown in Fig. 7 and Table 1 , effects of inserting equivalent series impedance is numerically calculated. Fig. 3 shows the result of calculating steady state P gen -n (n: speed) using (1) under the condition that series resistance of 0.1pu or series capacitive reactance of 0.05pu is inserted respectively. In both cases the output is enhanced but they are deferent in the following three aspects. Firstly, the series resistance does not give effect if the generator speed is over 1.1pu. It is due to the electrical characteristics of induction machine that large amount of reactive power is consumed in the speeding condition. As the low power factor case shown in Fig. 4 , the terminal voltage does not rise significantly by the phase relation. Inserting capacitive reactance can successfully compensates the series reactance, leading to high output enhancement.
Secondly, inserting resistance needs absorption of active power, which requires certain energy storage element. The capacitive reactance insertion needs no storage device.
Finally, capacitive reactance insertion has a shortcoming that it makes electrical distance shorter and the output current becomes larger.
Mechanism of Rotor Stabilization by Proposed Method
Post Fault Impedance Insertion
In case of severe voltage depression, impedance insertion during fault might be difficult because of phase jump by fault clearance can make malfunction in controllers. The assumed voltage dip is depicted in Fig.5 , and the P gen -n curves are shown in Fig. 6 . (a) shows the case of no insertion, whereas (b) shows the case that 0.05pu of capacitive reactance is inserted 0.1sec after the fault clearance (Point A). In these figures the instants of the same number coincide with each other. In (a) the electrical output does not exceeds mechanical input, leading to continuous acceleration or instability. However, in (b) reactance insertion enhances output and it goes bigger than mechanical input, leading to stabilization. In this case, as already shown in Fig. 3 , resistive insertion has no effect because the velocity already becomes too large. The capacitive reactance insertion is better.
Impedance Insertion during Fault
If SSSC control can ride over the shock of fault clearance, impedance insertion during fault can be a powerful candidate to this issue. Fig. 6 (c) shows the case of insertion of series resistance (0.1pu) 0.1s after the fault occurrence. The output during fault is enhanced and comes back to the normal operating point stably. In this case the maximum speed is lowered, which lessens the danger of activating over speed protection, and the maximum current during the recovery process becomes smaller. Basically SSSC can function so fast as within 2 cycles because it is a power electronic device. This quick operation is a key to stabilize the generator. (c) Series resistance insertion during fault 
Assumptions
In the studied system the pitch angle does not change because it works only above the rated wind speed. The mechanical input slightly decrease due to the depression of power coefficient, but almost constant. A typical d-q axis based SSSC controller is assumed based on Eguchi (1996) , and it is modelled by the constant voltage source as shown in Fig. 8 . The controller outputs the voltage proportional to current. Instantaneous waveform of PWM modulation is not considered. ATP-EMTP is used for the simulation engine.
Post Fault Impedance Insertion
As stated in 2.2.1, equivalent series impedance is assumed to be inserted after the fault clearance. For comparison STATCOM is used, which is represented as a series impedance of 0.08pu (11.4MVA base) combined with a constant back voltage based on a committee report (2007).
Comparison of Stabilizing Effects
Insertion of equivalent resistance, reactance, and STATCOM are compared paying special attention to their stabilizing effects. The grid voltage is assumed to be depressed to 0% during 0.2s and 0.4s. The insertion and STATCOM control is initiated at various timing between 0.433sec and 2sec. In case of STATCOM control, first constant reactive power of 0.08pu is injected in the initial stage after commencing the control, and goes to constant voltage control after the speed is stabilized. In SSSC control two control modes are assumed. In SSSC-A capacitive reactance 0.048pu is equivalently inserted, where this 0.048pu is selected because the resultant waveform of induction generator speed becomes almost identical to the case of 0.8pu STATCOM output. In SSSC-B resistance 0.048pu is inserted. Fig. 9 shows the results. Because control is initiated after fault clearance, the resultant waves before 0.4 sec are the same. In case of no control voltage does not recover and the continous acceleration makes instability. SSSC-A and STATCOM give almost identical speed curves. However, the device output is about 0.4pu in case of SSSC-A, which gives a similar effects by only half output of STATCOM. In SSSC-B voltage rise is smaller and takes longer time until final settlement. It is due to the fact that stabilizing effect by resistance becomes smaller in case of high rotational speed condition as already explained in Fig.3 . If the control is delayed in this case stability becomes worse. In case of resistance insertion at t=0.5sec, system is confirmed to become unstable.
Comparison of Output from SSSC and STATCOM for Various System Impedance
Outputs from SSSC and STATCOM are calculated varying system impedance. Impedance ratio k is defined as k=Z wind /Z Grid , where Z wind is the short circuit impedance of wind farm side seen from PCC, Z Grid is that of grid side seen from PCC. In case of small k, the grid is weak and FRT is severe.
Numerical simulation is done similarly to 3.2.1. Keeping STATCOM output to be 0.8pu for all values of impedance ratio k, SSSC equivalently inserts the necessary capacitive reactance for the stabilization (rotating speed does not exceed 1% excursion from the rated speed) In adjusting k, grid side impedance is varied keeping X/R ratio constant. Fig. 10 shows the result. SSSC gives similar stabilizing effect to STATCOM by smaller output in the range between k=3 -40. In smaller k, SSSC output increases because series compensation is more sensitive than shunt compensation. For the purpose of better understanding of this effect, the compensation capacity is analytically solved which is necessary to recover the voltage to 0.7 pu at high speed condition (slip= −8%; negative slip means acceleration). The result is shown in Fig. 11 . In most cases, the wind power generation capacity is far smaller than 50 % of the grid. Under this condition, the proposed method will be effective. 
Impedance Insertion during Fault
As stated in 2.2.2, the case of insertion during fault is studied. Because of the control difficulty at the instant of phase jump, this impedance insertion is limited to the less severe cases. Two points are of special interest and studied, which are the effects of inserted voltage and constant voltage insertion.
Effects of Inserted Voltage
The phase and the magnitude of the equivalent inserted voltage is varied and its effects on the maximum speed are studied. The instant of control initiation is varied between t=0.233sec and t=1.0sec. The magnitude of the voltage is varied from 0pu to 0.15pu, while its phase is varied between 0deg (resistance) to 90deg (capacitive reactance). The resultant maximum speed is shown in Fig. 12 . It can be observed that impedance insertion slows down the speed. The magnitude of the slowing down effect is smaller in case of capacitive reactance, which was more effective in the steady state study (Fig. 3) . The reason of this difference is due to the increase in generator output swing in the transient state. (The resistive component enhances damping in power swing.) In Fig. 12 the optimal phase exists around 30 deg, which comes from the increase of current. This optimal phase depends on many factors including residual voltage, fault duration, system parameters etc.. speed, but the maximum output power (here negative value stands for energy absorption) is 0.19pu smaller than the constant impedance control. Because the stored energy is 0.17MJ smaller at the instant of t=1sec, the constant voltage control gives higher stabilizing effects than the constant impedance control at lower cost. This effect can be explained as follows.
Constant Voltage Insertion
In case of constant voltage mode, capacity is proportional to current. However it is proportional to the squared current in constant impedance control. The current in induction generator decays quickly during voltage sag, whereas after voltage recovery large reactive current appears. Therefore, in case of constant voltage control, compensation during voltage dip is not so much affected by the current decay, and it does not go to excess compensation by large current after the voltage recovery.
In both cases the suppression of the maximum speed is as depicted in Fig. 13 . It shows that constant voltage mode gives greater effect. This difference between the two control modes appears only in the case that control is initiated during fault.
CONCLUSIONS
In this paper, the stabilizing effect of a control method using SSSC and energy storage device is studied for the purpose of enhancement of fault ride through capability of fixed speed wind power generator.
In the case of post fault equivalent impedance insertion, it is shown that resistive component insertion has smaller effect compared to the capacitive reactance insertion. In the comparison between SSSC (capacitive reactance insertion) and STATCOM, the former is better in the sense that the required device capacity is only the half of the latter case. Because self commutation device is still costly, this series control can give a big merit.
According to the obtained results, the case of impedance insertion during fault may lead to bigger active power absorption. However it needs energy storage device, which is not economical. For the purpose of reduce this capacity, two control modes are compared which are 1) constant impedance mode (generated voltage is proportional to the current) and 2) constant voltage mode (generated voltage magnitude is constant). The result shows that 2) is advantageous in the sense of required device capacity and energy storage capacity.
In general SSSC application to wind power plant will give us not only FRT enhancement, but also improving power quality by smoothing of steady state voltage fluctuation and suppression of inrush current and short circuit capacity. These factors are difficult to be treated by other methods such as mechanical control of static damping resistor or series capacitor, in which thermal capacity becomes better but may go to unsuccessful stabilization because of the limitation of its control speed.
Many works have done in the field of FRT of wind power generators focusing on rotating speed stabilization and grid voltage recovery. Their primary objective is how to prevent disconnection of power plant, and it implies that the system current particularly at the instant of voltage recovery is important. In near future we will study the system current more carefully for this purpose.
